Abstract-Analog MMIC circuits with ultra-wideband operation are discussed in view of their frequency limitation and different circuit topologies. Results for designed and fabricated frequency converters in SiGe, GaAs, and InP technologies are presented in the paper. RF type circuit topologies exhibit a flat conversion gain with a 3 dB bandwidth of 10 GHz for SiGe and in excess of 20 GHz for GaAs processes. The concurrent LO-IF isolation is better than -25 dB, without including the improvement due to the combiner circuit. The converter circuits exhibit similar instantaneous bandwidth at IF and RF ports of > 7.5 GHz and > 10 GHz for SiGe BiCMOS and GaAs MMIC, respectively. Analysis of the frequency behaviour of frequency converting devices is presented for improved mixer design. Millimeter-wave front-end components for advanced microwave imaging and communications purposes have also been demonstrated. Analysis techniques and novel feedback schemes show improvement to the traditional circuit design. Subharmonic mixer measurements at 50 GHz RF signal agree very well with simulations, which manifests the broadband operating properties of these circuits.
I. INTRODUCTION
Ultra-wideband circuits have become increasingly important in microwave imaging and communications. Ultra-wideband circuits are necessary for improved spatial resolution and enable spectral recognition in the case of microwave imaging systems. They also provide increased channel capacity and improved environmental immunity. One of the key technologies for advanced ultra-wideband RF front-ends is monolithic microwave integrated circuit (MMIC) technology employing SiGe BiCMOS, GaAs HEMT and at higher frequencies InP HBT or HEMT technologies. They are especially useful for modular design [1] , [2] . The components under investigation include up/down converters, modulators, demodulators, baluns, buffer combiners, and amplifiers. All these components should operate with high amplitude and phase linearity and high dynamic range, which are a prerequisite for microwave imaging systems and wideband communication systems systems [3] - [6] .
We have presented a number of solutions for ultrawideband components for microwave imaging systems, in particular concentrating on wideband frequency converters using RF circuit topologies. This is partially due to the fact that amplifiers utilizing differential amplifier stages, based on SiGe and GaAs MMICs, have previously been reported [7] - [12] with a wideband flat gain characteristics. We could demonstrate that very broadband analog MMIC circuits can be realized with both SiGe and GaAs technologies [13] - [16] . We could also demonstrate the experimental verification of simulated results for a number of relevant components such as modulator and demodulator, down/up converters, buffer amplifiers, and baluns. Quadrature oscillators have been analyzed and designed by the authors in [17] , [18] , [19] .
We summarize these results in this paper and provide some design insight into ultra-wideband frequency converters such as mixers. The availability of such MMICs reduces front-end complexity and enables spectral and architectural reuse of components, which is believed to be the key issue in future front-ends in terms for flexibility and cost effectiveness. In contrast to typical front-end configurations advanced modular RF front-ends consist of a wideband converting unit, which offers the possibility to perform I/Q modulation/demodulation in the digital domain. This situation is illustrated in figure 1 . I/Q modulators and demodulators are not required for this case. This aspect is discussed in detail in [5] . BB figure 2 . Subharmonic operation is chosen due to the difficulties in providing LO power at these frequencies.
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Previously reported integrated active mixers based on FET technologies, [10] , [20] , [21] Figure 4 presents a comparison between the theory described here and full harmonic balance simulations. It can be concluded from the figure that Cgd has a large influence on the results, whereas the inclusion of the source series resistance is less critical.
A similar approach can be applied to HBT based circuits. The schematic of a mixer design which provides improved trade-off between conversion gain and port bandwidths is shown in fig. 5 .
A detailed small-signal time-varying analysis shows that the two main bandwidth limitations in the Gilbert cell mixer can be separated into limitations at the RF and IF port, respectively [23] . The 3dB RF port bandwidth, fRF,-3dB, depends on the input bandwidth of the transistors in the transconductance stage as [23] fRF,-3dB =J ((Rbf +
where fT is the cut-off frequency, gm is the transconductance, g, is the input conductance, Rb is the total base resistance and Re is the emitter resistance. The Gilbert Cell mixer is modified for wideband performance by means of emitter (source) degeneration with capacitive peaking for the transconductance stage and a shunt feedback stage for the load circuit. The transconductance stage with emitter (source) degeneration allows a significant extension of the RF port bandwidth and can be optimized for conversion gain flatness and phase linearity. The shunt feedback stage provides a low impedance at the output node of the Gilbert Cell mixer, which increases the IF port bandwidth. Furthermore, the transfer function of the shunt feedback stage may exhibit two complex conjugated poles with possible improvement in IF port bandwidth by high-frequency peaking. Impedance match at the RF and LO port is provided by AC-coupled 50Q shunt resistors.
Accurate choice of the individual transistors in the differential amplifier circuit and fast transistors are means of avoiding large inductance values, which are difficult to realize at mm-wave frequencies. In the differential stage based baluns, we utilize inductors of the order of 0.5 nH, which are easy to fabricate. It opens the possibility to address the millimeter-wave range with the currently available foundry processes. An accurate analysis employing EM simulation becomes mandatory in this frequency range.
III. MMIC FOR ULTRA-WIDEBAND OPERATION A. SiGe MMIC realizations
In fig. 6 we present the photograph of a modulator/demodulator circuit using AMS 0.8um SiGe BiCMOS HBT technology together with experimental and simulated results. It is comprised of a Gilbert cell, baluns and buffers as building blocks of a quadrature modulator/demodulator. The distinctive feature of the modulator/demodulator circuit in fig. 6 is that both the IF and RF ports have almost identical wideband frequency characteristics. Therefore, such circuits can be employed in ultra-wideband applications or could be reused for different frequency bands.
When both RF and LO ports are swept in frequency with a fixed IF frequency of 0.4 GHz, a conversion gain of 8.5dB and a 3dB RF port bandwidth of 11 GHz was achieved as shown in Fig. 6 . The LO-IF isolation is better than -25 dB, as indicated in figure 7 , despite a singleended measurement condition for the modified Gilbert Cell mixer.
B. GaAs MMIC realizations
An example of a down-converter utilizing OMMIC ED02 GaAs process technology is shown in fig. 8 . The conversion gain exhibits a ripple of ± 0.25 dB over a very large frequency range up to around 6 GHz. The down-converter exhibits 10 dB gain with a noise figure of approximately NF = 12 dB and fulfill the requirements for amplitude and phase linearity as specified above. Input matching in the circuit of fig. 8 is achieved with a common-gate FET active balun [4] . The GaAs MMIC exhibit slightly wider bandwidth as compared to the SiGe HBT technology. They also exhibit a larger dynamic range. Differential stage balun design is based on same principles as the Gilbert cell mixer. Therefore, the same considerations apply with regards to wideband operation.
A very broad bandwidth balun, as compared with fig. 6 , has been achieved with the OMMIC DOIMH GaAs process, due to faster transistors and lower parasitic feedback capacitances [13] . The phase imbalance for these circuits is less than ±20 over the overall frequency range. The phase linearity is 50 in the frequency range.
A down-converter in GaAs technology has been designed and can be depicted in fig. 9 with a 3 dB bandwidth approaching 20 GHz, exhibiting a total area of 1 x 2 mm including pads, a Gilbert cell core, and a fully differential active output combiner.
A flat gain response in excess of 11 GHz is determined from simulations and measurements with a 3 dB bandwidth in excess of 17 GHz. The RF port conversion bandwidth was measured by sweeping both the RF and LO signals at a constant IF frequency of 1.2 GHz. It has been found that the inductor and resistor value can be decreased when a diode level shifter is employed as part of the load of the Gilbert cell output transistors. The required LO power has been simulated to be of the order of 10 dBm and the 1 dB compression point is at -10 dBm RF power. The noise figure has not been optimized and is therefore rather high, with a value of NF=17 dB.
IV. MMIC FOR MM-WAVE OPERATION Millimeter-wave MMIC frequency conversion circuits have been designed using InP HBT technology. This paper presents preliminary results on frequency doubling and a subharmonic mixer. The HBT frequency doubler design is based on a novel second harmonic feedback network. A simplified nonlinear analysis using harmonicbalance technique is performed to estimate the optimum excitation for HBT frequency doubler performance. It turns out to be a signal containing a second harmonic component which must be generated by feeding part of the second harmonic output signal back to the input. This excitation can be derived analytically if a pure sinusoidal excitation is assumed at the internal base- emitter junction. The frequency doubler including the novel second harmonic feedback network is shown in Fig.  10 . The parallel tuned circuit assures maximum isolation between input and output of Qi for the fundamental frequency signal and presents a pure reactance at the second harmonic. This reactance forms a voltage divider together with the input matching network at the second harmonic. Preliminary on-wafer measurements have been performed on the fabricated circuit. The benefits of the second harmonic feedback network is evident in the output power versus control voltage shown in Fig. 11 . In this figure a rise in output power of 2.5 dB is observed when the second harmonic feedback network is active. For a properly operating HBT frequency doubler the expected increase in output power is more than 6 dB.
The subharmonic mixer necessary to downconvert the double frequency signal using fundamental frequency oscillator has been designed in the same process. The microphotograph of the fabricated frequency doubler is shown in Fig. 12 . The chip size with pads is 1.4 x 1.6 mm2. The subharmonic mixer has been designed for 41
GHz LO frequency and 82 GHz RF input signal. The operating voltage is 2.5 V and the total current is around 63 mA. The subharmonic mixer measurements have been limited by the measurement equipment available and therefore measurements at an LO frequency of 27 GHz with an IF frequency of 2.5 GHz have been performed and the conversion gain versus the RF frequency is presented in figure 13 . Also included in the figure are predictions using harmonic balance techniques. It can be seen that the circuit operates satisfactory with a good agreement between simulated and measured results. Millimeter-wave front-end components for advanced microwave imaging and communications purposes have been demonstrated. Analysis techniques and novel feedback schemes show improvement to the traditional circuit design. Subharmonic mixer measurements at 50 GHz RF signal agree very well with simulations, which manifests the broadband operating properties of these circuits.
